Introduction {#S0001}
============

Neutrophil extracellular traps (NETs) were first described as a microbial defense pathway by which neutrophils expel intracellular contents including histones, HMGB1, actin, reactive oxygen species, and DNA, forming an adhesive matrix to trap and kill bacteria.^[1](#CIT0001)^ NETs have also been implicated in sterile inflammation including rheumatoid arthritis^[2](#CIT0002)^ and lupus erythematosus,[^3^](#CIT0003) as well as murine models of lung and mammary cancer.^[4](#CIT0004)^ We have previously shown that mice bearing orthotopic pancreatic tumors have an increased propensity to form NETs through activation of the MHC Class III-encoded DNA receptor RAGE (receptor for advanced glycation end products). Markers of NET formation are elevated in pancreatic tumor-bearing mice, and patients with pancreatic adenocarcinoma (PDA).^[5](#CIT0005)^ The impact of NETs on the pathogenesis of pancreatic cancer and the effects of NETs in the pancreatic tumor microenvironment have yet to be elucidated.

Peptidyl arginine deiminase 4 (PADI4) is a critical enzyme involved in NET formation.^[6](#CIT0006)^ PADI4 belongs to a family of post-translational modifying enzymes, catalyzing the deimination of arginine on histones H3 and H4 leading to chromatin decondensation and subsequent expulsion during NET formation.^[7](#CIT0007)--[9](#CIT0009)^ As a result, citrullinated histone H3 (CitH3) is an important marker of NET formation.^[10](#CIT0010)^

Extracellular DNA has been implicated in pancreatic cancer invasion and metastasis, but its origin has not been definitively determined.^[11](#CIT0011)^ Given that extracellular DNA is the principal component released from NETs, we hypothesized the neutrophil-derived DNA released during NETs may have effects on pancreatic tumor growth and in the tumor microenvironment. Inhibition of NETs mediated by direct small molecule PADI4 inhibition or depletion of extracellular DNA with DNase treatment diminishes liver metastasis^[12](#CIT0012)^ and has demonstrable antitumor effects.^[13](#CIT0013)^ Furthermore, pancreatic cancer is characterized by a dense, fibrotic stroma as a result of pancreatic stellate cell (PSC) activation.^[14](#CIT0014),[15](#CIT0015)^ DNA in the form of bacterial CpG motifs activates pancreatic stellate cells (PSCs) to become fibrogenic and promote epithelial proliferation.^[16](#CIT0016)^ Based on these findings, we hypothesized that extracellular DNA derived from NETs promotes activation of PSC within the tumor microenvironment.

Results {#S0002}
=======

Neutrophil extracellular trap (NET) DNA promotes pancreatic cancer cell proliferation {#S0002-S2001}
-------------------------------------------------------------------------------------

Neutrophils were isolated and stimulated to form NETs using phorbol 12-myristate 13-acetate (PMA), a known inducer of the NET formation.^[17](#CIT0017)^ Supernatant was collected and co-cultured with Panc02 murine pancreatic cancer cells. NET supernatant resulted in a significant, dose-dependent increase in cell proliferation as measured by CCK8 assay compared with media control ([Figure 1A](#F0001)). Treatment of NET supernatant with DNase to lyse cell-free DNA prior to co-culture with Panc02 cells ameliorated the NET induced proliferative effect, suggesting a role for NET released DNA in tumor cell growth ([Figure 1B](#F0001)).10.1080/2162402X.2019.1605822-F0001Figure 1.NET-deficient Padi4^−/−^ mice demonstrate decreased pancreatic tumor burden, decreased NETs, decreased DNA and increased survival. Addition of NET supernatant to Panc02 cells results in a dose-dependent increase in cell proliferation compared with media control (A). Treatment of NET supernatant with DNase reverses this proliferative effect, while it has minimal effect on media control (B). Immunofluorescence imaging of resected orthotopic pancreatic tumors demonstrates the absence of NETs in KO tumors (Citrullinated Histone H3:green, Gr-1:red, C). Plasma from orthotopic tumor-bearing WT mice demonstrates increased DNA compared with Padi4^−/−^ consistent with upregulation of NETs (D, 695 ± 102 ng/ml vs. 406 ± 28.2 ng/ml, p = .03). Orthotopic tumor-bearing mice demonstrate increased tumor burden at sacrifice (E, 451 ± 55 mg vs. 266 ± 32 mg, p = .01; n = 4) and increased tumorigenesis by IVIS imaging (F, 2.4e7 photon flux vs. 1.6e6 photon flux, p = .05, n = 5). Survival of Padi4-deficient tumor-bearing mice was markedly improved (G, median 118 days vs 41 days; p = .02). DNase treatment of orthotopic tumor-bearing mice decreases tumor burden in NET bearing but not NET deficient mice as assessed by tumor weight (H, 336 mg vs. 206 mg, p = .05; 195 mg vs. 217 mg, p = .29, n = 5), and IVIS (I, 9.9e5 photon flux vs. 3.8e5 photon flux, p = .05).

Padi4 mediated NET formation releases circulating DNA that drives the growth of orthotopic transplantable murine pancreatic tumors {#S0002-S2002}
----------------------------------------------------------------------------------------------------------------------------------

To assess the impact of NET formation on pancreatic tumor growth, we grafted a transplantable murine pancreas tumor by injecting Panc02 cells into the pancreatic tail of Padi4^−/−^ or strain-matched WT control mice. To confirm that genetic knockdown of Padi4 resulted in decreased NETs, we performed immunofluorescence staining of tumor specimens for citrullinated histone H3 (Cit H3), which is formed during the release of NETs when PADI4 citrullinates histones to allow for unwinding and subsequent expulsion from the neutrophil.^[18](#CIT0018)^ We also assessed levels of circulating DNA, which is a marker of NET formation since DNA is released from neutrophils when NETs are formed.^[5](#CIT0005)^ Padi4^−/−^ tumors had decreased NET formation, demonstrated by diminished Cit H3 in the tumor ([Figure 1C](#F0001)), and reduced circulating cell-free DNA levels (406 ± 28.2 ng/ml in Padi4^−/−^ vs 695 ± 102 ng/ml in WT, p = .03) ([Figure 1D](#F0001)). Tumorigenesis was decreased in Padi4^−/−^ as demonstrated by decreased pancreatic weights compared with WT (266 ± 32 mg in Padi4^−/−^ vs 451 ± 55 mg in WT, n = 4, p = .005, [Figure 1E](#F0001)) and bioluminescence imaging of luciferase transfected pancreatic cancer cells prior to sacrifice (2.4x10^7^ photon flux vs. 1.6 × 10^6^ photon flux, p = .05, [Figure 1F](#F0001)). Padi4^−/−^ orthotopic mice demonstrate improved survival compared with WT orthotopic tumor-bearing mice (median survival 118 days vs 41 days, n = 10, p = .02, [Figure 1G](#F0001)).

Based on our *in vitro* data, we hypothesized that extracellular DNA released from NETs was driving increased tumor growth; therefore, we treated the orthotopically transplanted mice with DNase to lyse circulating cell-free DNA. DNase (5mg/kg IP daily) treatment of WT mice lead to significantly decreased tumor growth compared with sham-treated controls (pancreas weight: 336 ± 26.4 mg vs. 206 ± 31.6 mg, p = .05, [Figure 1H](#F0001); IVIS: 9.9 × 10^5^ photon flux vs. 3.8 × 10^5^ photon flux, p = .05, [Figure 1I](#F0001)). There was no significant change in tumor growth in Padi4^−/−^ animals treated with DNase (pancreas weight: 195 ± 19.3 mg vs. 217 ± 18.5 mg, p = .29; IVIS: 8.5 × 10^5^ photons vs. 6.9 × 10^5^ photons, p = .43).

Padi4 expression on BM-derived cells promotes stromal activation and accelerated tumorigenesis in a genetically engineered murine model of pancreatic cancer {#S0002-S2003}
------------------------------------------------------------------------------------------------------------------------------------------------------------

To assess the importance of Padi4-mediated NETs in a spontaneous model of pancreatic cancer, we performed transplantation of Padi4^−/−^ and WT bone marrow (BM) into the genetically engineered Pdx1-Cre:Kras^G12D/+^ (KC) model. This model has previously been reported to be an excellent surrogate for human pancreatic carcinogenesis.^[19](#CIT0019)^ Seven weeks following BM transplant, pancreata from these animals were harvested, fixed, stained and scored by an expert pancreatic pathologist (ADS). Mice that received Padi4^−/−^ BM demonstrated statistically less invasive cancers than those receiving WT BM (23% vs 67%, p = .02, [Figure 2A](#F0002)). This decreased tumorigenesis was associated with significantly diminished plasma DNA levels (787 ng/mL vs. 385 ng/mL; p = .001, [Figure 2B](#F0002)) at the time of harvest, consistent with NET inhibition. Compared with WT BM transplanted animals, pancreata from mice receiving Padi 4 deficient BM demonstrated diminished NET formation and stromal activation which were represented by an expression of CitH3 and α-SMA^[20](#CIT0020)^ respectively in the tumor microenvironment ([Figure 2C](#F0002)). Bone marrow neutrophils were isolated at the time of sacrifice and stimulated *ex vivo* to undergo NET formation using phorbol myristate acetate (PMA).^[17](#CIT0017)^ Hoechst staining of isolated neutrophils demonstrated decreased NETs from the Padi4^−/−^ recipients ([Figure 2D](#F0002)). Supernatant from these stimulated neutrophils demonstrated significantly less DNA from neutrophils harvested from Padi4^−/−^ BM compared with WT BM ([Figure 2E](#F0002)), consistent with inhibition of NETs as visualized by Hoechst staining in [Figure 2D](#F0002).10.1080/2162402X.2019.1605822-F0002Figure 2.NET-derived DNA promotes accelerated tumorigenesis, DNA release and pancreatic stellate cell activation. Genetically engineered Pdx1-Cre:Kras^G12D/+^ (KC) mice received bone marrow transplantation for either WT or Padi4^−/−^ donors. KC mice were harvested 7 weeks after bone marrow transplantation and tumor acceleration with cerulean. Mice that received BM deficient in Padi4 demonstrated statistically less invasive cancers (normal pancreas or PanIN lesions) than those receiving WT BM (A, 23% vs 67%, p = .02). Plasma from transplanted KC mice contained higher DNA levels (B, 787 ng/mL vs. 385 ng/mL; p = .001). Additionally, these mice demonstrated less NETs measured by CitH3 staining and less PSC activation by SMA staining (C). Neutrophils isolated from the bone marrow at the time of harvest were plated and stimulated to form NETs. Immunofluorescence imaging revealed increased NETs for WT BM (lower panel) compared to Padi4^−/−^ donors (upper panel) as assessed by Hoechst staining of DNA (D). Additionally, the supernatant from the stimulated neutrophils demonstrated increased DNA from WT compared with Padi4^−/−^ donors consistent with increased NETs (E, 796 ng/mL vs. 197 ng/mL, p = .001).

Neutrophil DNA activates pancreatic stellate cells through interaction with the receptor for advanced glycation end productions (RAGE) {#S0002-S2004}
--------------------------------------------------------------------------------------------------------------------------------------

To better assess the effect of circulating DNA in the tumor microenvironment, pancreatic stellate cells (PSC) were harvested from the pancreas of 8 to 12 week-old mice and stimulated in culture with exogenous DNA. PSC from WT mice demonstrate increased activation when stimulated by neutrophil DNA as indicated by increased α--SMA immunostaining^[20](#CIT0020)^ ([Figure 3A](#F0003)) and, increased phospho-NFκB p65 and p-ERK on western blot analysis ([Figure 3B](#F0003)). NET-derived DNA significantly increased PSC proliferation ([Figure 3C](#F0003)). Furthermore, NET DNA enhanced production of MMP2 and MMP9 ([Figure 3D](#F0003)), which are secreted by PSCs and enhance pancreatic cancer progression and metastases.^[21](#CIT0021),[22](#CIT0022)^ In contrast, PSC derived from RAGE^−/−^ mice, lacking this important DNA receptor,^[5](#CIT0005),[23](#CIT0023),[24](#CIT0024)^ did not respond to exogenous neutrophil DNA, demonstrated by no change in cell proliferation and MMP2 and MMP9 production ([Figure 3D](#F0003), [E](#F0003)). These results suggest that RAGE may play a critical role in PSC activation by DNA.10.1080/2162402X.2019.1605822-F0003Figure 3.Endogenous DNA activates pancreatic stellate cells and promotes tumor growth. Isolated mouse pancreatic stellate cells (PSCs) were stimulated by 5 μg/ml neutrophil DNA for 24 h *in vitro* and then assessed with immunofluorescence staining for α--SMA in green and DAPI in blue; demonstrating in an increase in α--SMA following neutrophil DNA exposure (A). Western blot analysis of p-p65 and p-ERK in PSCs after stimulation by various sources of DNA (5μg/ml) for 30 min *in vitro* (B). Co-culture with 5μg/ml of DNA for 24 h resulted in increased PSC proliferation as measured by CCK-8 assay (C). PSCs were cultured with 5μg/ml neutrophil DNA for 24 h, and then culture supernatant was collected and extracellular matrix protein production was measured, demonstrating increased MMP-2 and MMP-9 in WT PSCs but not in RAGE knockout PSCs (D). WT PSCs underwent increased proliferation in response to neutrophil DNA as measured by CCK-8 assay, but RAGE KO PSCs had no response (E). WT mice injected subcutaneously with WT PSCs (0.5 × 10^6^) and Panc02 cells (1 × 10^6^) had a significant increase in tumor growth assessed by bioluminescence imaging (upper panel) and caliper measurements (bottom panel). Tumor volume was calculated using formulations V = (L x W x W)/2, where V is tumor volume, W is tumor width, L is tumor length. Co-injection of RAGE KO PSCs did not have a significant effect on tumor growth (F). Bioluminescence imaging demonstrating an increase in tumor growth with an injection of WT PSCs and cancer cells, but not RAGE KO PSCs (G). Treatment with DNase reversed the ability of PSCs to promote tumor growth with a dramatic reduction in IVIS fluorescence (upper panel) and tumor volume (bottom panel) in DNase treated mice (H). Tumor volume on day 6 post-inoculation is presented. Data is represented one of 2 \~ 3 independent experiments and expressed as mean ± SEM. statistical analysis was performed using Student's t-test for comparisons of two groups. \*: p \< .05, \*\*: p \< .01, \*\*\*: p \< .001.

DNA activates pancreatic stellate cells to drive pancreatic tumor growth in a murine subcutaneous tumor model {#S0002-S2005}
-------------------------------------------------------------------------------------------------------------

In order to assess the significance of PSCs in the tumor microenvironment, we also utilized a subcutaneous tumor model with the injection of cells into the hind limb. Murine PSCs from WT mice were combined with Panc02 tumor cells and inoculated into WT mice. Mice with co-inoculation of WT PSC and Panc02 demonstrated enhanced tumor growth compared to those receiving tumor alone ([Figure 3F](#F0003), [G](#F0003)). On day 14 post-tumor inoculation, tumor volume in Panc02 plus PSC group was 75.4 ± 17.0 compared to 20.4 ± 4.86 in tumor cell alone group, p = .002. Co-injection of Panc02 cells with RAGE knockout PSCs does not promote tumor growth ([Figure 3F](#F0003), [G](#F0003)). DNase (5mg/kg IP daily for 3 weeks) treatment of WT tumor-burdened mice reversed the ability of WT PSC to promote tumor growth ([Figure 3H](#F0003), [Table 1](#T0001)). Tumor volume was significantly reduced in DNase treated mice compared to untreated, supporting the role of DNA in PSC activation.10.1080/2162402X.2019.1605822-T0001Table 1.Treatment with DNase limits the ability of PSCs to promote tumor growth.  Panc02 only\
(n = 10)Panc02 + PSC (n = 7)Panc02 + DNase\
(n = 5)Panc02 + PSC + DNase\
(n = 5)Tumor volume (mm^3^)Day 615.96$\pm$3.9545.18$\pm$10.66\*6.08$\pm$1.807.68$\pm$2.94^†^Day 1420.39 $\pm$ 4.8675.35$\pm$ 17.04 \*\*16.07$\pm$5.2116.40$\pm$0.80^†^Photon/s/cm^2^/Sr (×10^5^)Day 634.40 $\pm$ 8.98155.3 $\pm$30.17\*\*\*25.04 $\pm$6.6633.85 $\pm$9.43^††^Day 1432.35 $\pm$6.56249.5$\pm$ 73.44\*\*19.45$\pm$ 13.0258.75$\pm$ 22.98[^1]

Total and neutrophil-specific DNA levels in human pancreatic cancer patients correlate with clinical stage in potentially resectable patients {#S0002-S2006}
---------------------------------------------------------------------------------------------------------------------------------------------

To assess for the clinical relevance of circulating neutrophil DNA in human PDA; human samples were acquired from a recently completed clinical trial protocol of patients with pancreatic adenocarcinoma. Pretreatment serum samples were analyzed for total DNA content by QuantiT™Picogreen© and NET-specific DNA according to MPO-DNA quantification. DNA levels were then correlated with the clinical stage. Overall circulating DNA and MPO-DNA both correlated well with the clinical stage of disease at presentation (Supplemental Figure 1), suggesting a role for NETs in disease progression and identifying markers as potentially significant for prognosis.

Discussion {#S0003}
==========

Here we demonstrate that DNA released from NETs plays a role in the driving progression of pancreatic tumors in both a transplantable and a genetically engineered murine model of pancreatic cancer. Moreover, total circulating serum DNA and MPO-DNA levels correlate with the clinical stage at diagnosis in human pancreatic cancer patients. While this certainly does not prove a causal mechanism, it is a supportive correlative association in human disease that strengthens our findings. These findings support a growing body of literature that suggests that NETs and more specifically, DNA can serve as a damage associated molecular pattern (DAMP) and drive carcinogenesis.

We have previously shown that RAGE-mediated autophagy, which is permissive in pancreatic cancer progression, is required for neutrophils to undergo NET formation.^[5](#CIT0005)^ The receptor for advanced glycation end products (RAGE) promotes inflammatory responses to DNA,[^21^](#CIT0021) pancreatic carcinogenesis, and accumulation of myeloid-derived suppressor cells (MDSCs).^[23](#CIT0023)^ High-mobility group box (HMGB1), the prototypical damage-associated molecular pattern (DAMP) molecule, is a chromatin-binding protein that binds DNA located in the nucleus.^[24](#CIT0024)^ HMGB1 has been demonstrated to function as a chemoattractant for monocytes and smooth muscle cells.^[25](#CIT0025),[26](#CIT0026)^ HMGB1-DNA immune complexes activate TLR9 through a RAGE-dependent pathway.^[27](#CIT0027)^ Herein, we extend these findings to demonstrate that DNA derived from sterile activation of neutrophils through the Padi4 pathway leads to the release of DNA and activates RAGE.

Though initially studied in models of sepsis, NETs have been implicated in numerous murine cancer models including mammary, lung, liver and pancreatic carcinoma.^[1](#CIT0001),[4](#CIT0004),[5](#CIT0005),[12](#CIT0012),[28](#CIT0028)^ Demers *et al*. described NETs as providing a "seeding soil" for cancer cells.^[29](#CIT0029)^ Tohme et al. demonstrated that increased levels of NETs, measured by serum MPO-DNA, following major liver resection for colorectal liver metastases correlated with an increase in early metastatic disease.^[12](#CIT0012)^ Our work supports this growing body of evidence, and for the first time suggests that Padi4 is critical to activation of NETs in the setting of sterile inflammation in the pancreatic tumor microenvironment. Thus, pharmacological intervention in the PADI4 pathway might be clinically important in patients with pancreatic cancer. There are several inhibitors of PADI4 that have been shown to inhibit mouse and human PADI4 and NET formation that warrant further exploration.^[30](#CIT0030)^

Extracellular, or circulating cell-free DNA levels correlate with cancer development and progression.^[31](#CIT0031),[32](#CIT0032)^ As early as 1977, Leon et al. demonstrated that extracellular DNA levels were elevated in cancer patients and that reduction in DNA levels following radiotherapy correlated with clinical response.^[33](#CIT0033)^ Levels of circulating DNA in cancer patients were initially thought to derive from dead and dying tumor cells; however, a high degree of variability between tumor-specific DNA and extracellular DNA sequences challenges the assumption that a majority of circulating DNA originates from tumor cells.^[34](#CIT0034)--[36](#CIT0036)^ Extracellular DNA promotes pancreatic cancer cell invasiveness.^[11](#CIT0011)^ Our findings suggest NET-specific MPO-DNA levels mirror overall circulating serum DNA levels, consistent with an alternative to tumor-derived DNA as the primary source of cell-free DNA within the circulation. Padi4^−/−^ mice, incapable of NET formation, have dramatically diminished levels of circulating DNA compared with wild-type mice. We have also previously shown that neutrophil depletion results in decreased DNA in tumor-bearing mice.^[5](#CIT0005)^ While this suggests that most of the circulating DNA is derived from neutrophils, this could be further elucidated in future studies by evaluating neutrophil-specific Padi4^−/−^ mice. Importantly, Padi4^−/−^ mice still have circulating DNA suggesting at least some of the DNA comes from a source distinct from NETs, most likely tumor cell necrosis. Our results suggest that DNA is the principle component of NETs that drive tumor progression, as treatment with DNase partially reverses tumor growth and ameliorates the impact of NETs in pancreatic cancer.

Pancreatic cancer is characterized by an excess of fibrous stroma and cellular elements, primarily composed of activated PSCs.^[37](#CIT0037)^ Quiescent, lipid- and vitamin A-laden, PSCs transform into activated myofibroblast-resembling cells upon stimulation by either direct contact with tumor or stimulation by growth factors secreted from other cells.^[38](#CIT0038)--[40](#CIT0040)^ PSC activation, an autophagy-dependent process, results in the production of extracellular matrix molecules and cytokines that promote tumor aggressiveness.^[41](#CIT0041)^ Zambirinis et al. showed that bacterial DNA could activate PSCs to become fibrogenic and promote epithelial proliferation.^[14](#CIT0014)^ In this model, PSC activation appeared to mediate their effect through the exclusion of T cells. We show here that neutrophil-DNA strongly activates PSCs through interaction with RAGE *in vitro*. Moreover, it appears that the ability of PSC to support tumor growth *in vivo* is dependent upon DNA. We have previously hypothesized that release of DAMPs, including DNA itself, within the tumor microenvironment, can drive maladaptive immune responses. This work supports this paradigm as well as identifying several novel targets, including PADI4, circulating DNA, and NETs in pancreatic carcinogenesis.

The activation of PSCs by neutrophil DNA has profound implications for the immune response to pancreatic adenocarcinoma that warrant future investigation. Because activated PSCs sequester T cells outside of the tumor,^[42](#CIT0042),[43](#CIT0043)^ targeting NETs may decrease in PSC activation to allow for more T cell infiltration. DAMPs, RAGE, and the NET inhibitor chloroquine have been independently implicated in tumor-associated macrophage differentiation; therefore, NETs and DNA released from them may increase the M1 phenotype in infiltrating macrophages.^[44](#CIT0044)--[46](#CIT0046)^ NET mediated activation of pancreatic stellate cell fibrosis may be a critical component of the immunosuppressive tumor microenvironment that allows for tumor growth unabated by an effective adaptive immune response. Alternatively, DNA is known to activate stimulator of interferon genes (STING) to promote anti-tumor immunity,^[47](#CIT0047)--[52](#CIT0052)^ therefore further study is required to fully evaluate the impact of NET inhibition on the complex immune interaction in the pancreatic tumor microenvironment.

In summary, our findings demonstrate the importance of Padi4-mediated NETs in pancreatic cancer progression. DNA release from NETs appears to activate PSCs to promote stromal proliferation. PADI4 inhibition and DNase administration may be novel therapeutic interventions in pancreatic cancer patients.

Materials and methods {#S0004}
=====================

Mouse strains {#S0004-S2001}
-------------

Wild-type (WT) C57BL/6 mice age 6--8 weeks were purchased from Taconic Farms (Hudson, NY). Padi4 knockout (Padi4−/−) mice were obtained as a kind gift from Dr. Kerri Mowen.^[53](#CIT0053)^ Pdx1-Cre:Kras^G12D/+^ (KC)^[17](#CIT0017)^ mice were obtained from the Mouse Models of Human Cancers Consortium/National Cancer Institute Mouse Repository. RAGE knockout (RAGE^−/−^.GFP) mice (SVEV129xC57BL/6) were kindly gifted by the late Dr. Angelika Bierhaus.^[54](#CIT0054)^ All experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh (Protocol \# 14084123) and performed in accordance with guidelines for University of Pittsburgh Division of Laboratory Animal Services, the American Veterinary Medical Association and the Guide for the Care and Use of Laboratory Animals.

Cell culture {#S0004-S2002}
------------

The murine pancreatic adenocarcinoma cell line Panc02 (NCI Repository, 2008) was cultured in RPMI 1640 media supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin antibiotic solution in a humidified incubator with 5% CO~2~.

Luciferase transfection and bioluminescence imaging {#S0004-S2003}
---------------------------------------------------

Transduced Panc02-luciferase tumor cells expressing firefly luciferase gene were generated using lentiviral transfection of the pGL4 Luciferase Reporter Vector (Promega, \#E6751) then selected with puromycin. Phenotype of transfected cells was compared to parental strains *in vitro* to confirm the absence of effects attributable to retroviral transfection.

For imaging, mice were anesthetized with inhaled isoflurane followed by intraperitoneal injection of Potassium Luciferin (300mg/kg, Gold Biotechnology, Luck-100). After 10 min to allow for luciferin distribution, mice were imaged using the IVIS 200 System (Xenogen Corporation) according to the manufacturer's instructions. Analysis of resultant data was performed using Living Image software. Regions of interest were manually selected and quantified for average photon flux (photons/second/cm^2^/steradian).

Murine tumor models {#S0004-S2004}
-------------------

Our orthotopic pancreatic cancer model was performed by injecting 1 × 10^6^ Panc02-luciferase cells into the murine pancreatic tail through a limited laparotomy.

Bone marrow transplantation was performed in KC mice 8 weeks of age. Mice were lethally irradiated with10.0 Gy. Bone marrow from C57BL/6 wild type and Padi4^−/−^ mice was harvested and prepared by gradient centrifugation and red cell lysis as previously described.^[55](#CIT0055)^ Within 4 h, KC recipient mice were injected with 1 × 10^6^ bone marrow cells via tail vein. Four weeks elapsed for bone marrow reconstitution. Cerulein acceleration of tumorigenesis was performed with 7 hourly intraperitoneal injections of 50 mg/kg and repeated after 48 h.

Immunohistochemistry and immunofluorescence {#S0004-S2005}
-------------------------------------------

For immunolabeling of pancreatic specimens, resected mouse pancreata were embedded in formalin. Slides were deparaffinized and rehydrated two times in xylene for 5 min, two times in 100% ethanol for 5 min, two times 95% ethanol for 1 min then 5 min in running H~2~0. Antigen retrieval was performed by heat-induction in Citra (Biogenix, HK0809K) using a microwave. Endogenous peroxidases were quenched, and slides were blocked in 1% bovine serum albumin for 30 min at 25°C. Slides were incubated in primary antibody-SMA (1:500 and CitH3 1:200-overnight at 4°C). Following two washes in PBS, slides were incubated in secondary antibody 45 min at 25°C. After ABC and DAB with Dako, slides were counterstained with hematoxylin. Negative controls included secondary antibodies alone.

Murine pancreatic specimens were frozen in Tissue-Tek® Optimal Cutting Temperature (OCT) compound, frozen, and stored at −80°C. Cryostat (8μm sections) were used for immunofluorescence staining. Tissue was fixed in 2% paraformaldehyde for 30 min at room temperature, and incubated with anti-Histone H3 antibody (Abcam, ab5103) at 1:50 dilution and anti-mouse Ly6G antibody (RB6-85C, eBioscience, 16--5931) overnight at 4°C. Following three washes with PBS, slides were incubated with fluorescent-conjugated secondary antibody for 45 min followed by Hoechst nuclear staining. Negative controls included antibody isotypes and secondary antibody alone. Imaging was performed using Olympus Fluoview 1000 microscope with a Plan Apo N (×60).

Neutrophil isolation and neutrophil extracellular trap (NET) formation {#S0004-S2006}
----------------------------------------------------------------------

Under sterile conditions, bone marrow neutrophils were isolated from the femur and tibia of euthanized mice by the previously described protocol.^[56](#CIT0056)^ Bones were cleaned with 70% ethanol and rinsed with ice-cold PBS. Bone marrow was flushed from bones using RPMI supplemented with 10% heat-inactivated fetal bovine serum and 2mM EDTA using a 27.5 gauge needle. Cells were collected into a 50 mL conical tube through a 100um filter. Following centrifugation at 1400 rpm for 7 min at 4°C red blood cells were subjected to hypotonic lysis with 0.2% NaCl for 20 s. Cells were then collected by centrifugation, washed in supplemented RPMI, centrifuged, and then resuspended in ice-cold PBS. Density gradient centrifugation was performed with Histopaque 1119 and 1077. Neutrophils were collected from the gradient interface, washed twice, and counted.

Neutrophils were plated in Hank's Balanced Salt Solution (HBSS) and stimulated with 500 nM phorbol 12-myristate 13-acetate (PMA, Sigma, St. Louis, MO, USA) for 2 h. Cells were fixed with 3% paraformaldehyde and stained for DNA with Hoechst 33342 (H-3570, Molecular Probes, Grand Island, NY, USA) to visualize NETs. Supernatant was collected, centrifuged at 14,000 x g for 10 min and the level of DNA measured using Quant-iT Picogreen (MP07581, Invitrogen, Grand Island, NY, USA). Supernatant was also collected and added cultured Panc02 cells to assess the impact on cell proliferation, measured using CCK8 kit following the manufacturer's protocol. Media control included the addition of equivalent volumes of HBSS with 500nM PMA. DNase (1 mg/mL, Sigma Aldrich, St. Louis, MO, USA) was added to NET supernatant or media control for 10 min prior to co-culture with Panc02 cells.

Pancreatic stellate cell isolation and culture {#S0004-S2007}
----------------------------------------------

Murine pancreatic stellate cells (PSC) were generated as previously described.^[14](#CIT0014)^ Pancreata of mice were collected and pooled in Gey's Balanced Salt Solution (GBSS) media then washed. After finely mincing the specimens, centrifugation was utilized to remove fat. Pancreatic tissue was digested for 50 min in a solution of Collagenase P, Pronase and DNase I incubated at 37°C. Digestion was quenched with cold GBSS supplemented with 3% bovine serum albumin after straining the tissue. PSCs were isolated by density centrifugation in 28.7% Nycodenz gradient solution under GBSS. PSCs were collected from the interface, washed and resuspended in a growth medium of DMEM with 10% FBS, penicillin/streptomycin, and L-Glutamine.

DNA isolation and PSC stimulation {#S0004-S2008}
---------------------------------

Panc02 cells and isolated murine neutrophils were re-suspended at 10^7^/ml in PBS. Cells were lysed, and exogenous DNA was purified using QIAGEN blood & cell culture DNA kit (Germantown, MD) following the manufacturer's protocol. DNA was dissolved in TE buffer, the concentration was measured by Quant-iT^TM^ PicoGreen DNA Reagent and kits (Invitrogen, MP07581) follow the manufacturer's protocol and diluted to a desired concentration in culture medium. In proliferation assay, PSCs were added in 96 well culture plate, 10^4^/well in the presence of different sources of DNA (5 μg/ml), cultured at 37°C, 5% CO~2~ for 24, 48 and 72 h. Cell proliferation was measured by Cell Proliferation/Cytotoxicity Assay Kit (CCK8) following the manufacturer's protocol.

Western blot {#S0004-S2009}
------------

Cell lysates from treated PSCs were run on a 4 \~ 12% Bis-Tris gel then transferred to a 0.2 mm nitrocellulose membrane. After blocking in 5% milk, membranes were incubated overnight at 4°C with primary antibodies for phospho-NF-κB p65 (93H1), NF-κB p65 (L8F6), phosphor-ERKd13.14.4E), ERK (137F5) (All from Cell Signaling Technology) and B-actin (Sigma, A5316). Membranes were washed then incubated with peroxidase-conjugated goat-anti-rabbit-HRP and goat-anti-mouse-HRP secondary antibodies (Fisher Thermo, 31430) for 1 h at room temperature then developed with SuperSignal® West Femto chemiluminescence kit (Thermo Scientific, 34095) and exposed on film.

Patient correlative samples {#S0004-S2010}
---------------------------

Pretreatment serum samples were obtained from patients enrolled in a randomized phase II clinical trial of pre-operative gemcitabine/nab-paclitaxel with or without hydroxychloroquine in potentially resectable pancreatic cancer under protocol \# 13080444 approved by the University of Pittsburgh Institutional Review Board. The trial was reports on clinicaltrials.gov in November 2013 (NCT01978184). All patients signed informed consent and acknowledged understanding that they would remain anonymous and not be identified through the publication of study results. Coagulated blood was centrifuged at 1000 x g for 10 min then serum was collected, frozen, and stored at −80°C.

DNA and MPO-DNA quantification {#S0004-S2011}
------------------------------

After 10x dilution, DNA levels were measured in murine serum and plasma and human serum according to the manufacturer's instructions for QuantiT™Picogreen© (Invitrogen, MP07581) fluorescent nucleic acid stain for quantifying double-stranded DNA. To identify NETs in patient serum, a capture ELISA myeloperoxidase (MPO) associated with DNA was performed as previously described.^[57](#CIT0057)^

Statistics {#S0004-S2012}
----------

Data are expressed as mean ± SEM of a minimum of two independent experiments. Statistical analysis was performed using Student's *t*-test for comparisons of two groups or χ2 test for correlations between multiple groups. *p* values \<.05 were considered statistically significant. Survival analyses were conducted by the Kaplan--Meier method and log-rank test between curves.

Study approval {#S0004-S2013}
--------------

All animal studies were approved by the University of Pittsburgh IACUC (Protocol \# 14084123) and performed within the guidelines of the University of Pittsburgh Division of Laboratory Animal Resources policies. The University of Pittsburgh Institution Review Board approved the clinical study from which correlative studies were included (Protocol \# 13080444). Written informed consent was received from participants prior to inclusion in the study.
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###### Supplemental Material

[^1]: Data are expressed as mean$\pm$ SEM. Statistical analysis was performed using Student's *t*-test. Compared with Panc02 only group; \*: p \< 0.05; \*\*: p \< 0.01;\*\*\*: p \< 0.001. Compared with Panc02 + PSC group; †: p \< 0.05. ††: p \< 0.01.
